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ABSTRACT
The US dairy industry has realized tremendous im-
provements in efficiencies and milk production since the 
1940s. During this time, farm and total cow numbers 
have decreased and average herd size has increased. 
This intensification, combined with the shift to a largely 
urban public, has resulted in increased scrutiny of the 
dairy industry by social and environmental movements 
and increased concern regarding the dairy industry’s 
sustainability. In response to these concerns, a group 
of scientists specializing in animal welfare, nutrient 
management, greenhouse gas emissions, animal science, 
agronomy, agricultural engineering, microbiology, and 
economics undertook a critical review of the US dairy 
industry. Although the US dairy system was identified 
as having significant strengths, the consensus was that 
the current structure of the industry lacks the resilience 
to adapt to changing social and environmental land-
scapes. We identified several factors affecting the sus-
tainability of the US dairy industry, including climate 
change, rapid scientific and technological innovation, 
globalization, integration of societal values, and mul-
tidisciplinary research initiatives. Specific challenges 
include the westward migration of milk production in 
the United States (which is at odds with projected re-
ductions in precipitation and associated limitations in 
water availability for cattle and crops), and the growing 
divide between industry practices and public percep-
tions, resulting in less public trust. Addressing these 
issues will require improved alignment between indus-
try practices and societal values, based upon leadership 
from within the industry and sustained engagement 
with other interested participants, including research-
ers, consumers, and the general public.
Key words:  environment, social, economic, public 
attitude
INTRODUCTION
Over the past century, the US dairy industry has 
realized tremendous improvements in efficiencies of 
production (Martin and Mitra, 2001), achieved in part 
by investing in technology and productive assets, and 
paid for by economies of scale. The intensification of 
the industry is such that farms with more than 500 
milking cows now account for 63% of the milk supply in 
the United States (USDA-NASS, 2012a), up from 39% 
a decade ago (USDA-NASS, 2002). When combined 
with concerns regarding the world’s population growth 
(Godfray et al., 2010a,b; Parker 2011; United Nations 
Population Division, 2012), potential pressures and as-
sociated challenges with food security, economic growth, 
social concerns, and environmental issues (Steinfeld et 
al., 2006), urgent need exists for a critical assessment of 
the sustainability of the US dairy industry.
The current review was performed by a group of 
individuals representing many aspects of the dairy in-
dustry, who met for three 2-d meetings in June 2011, 
January 2012, and June 2012. The paper, which arose 
as a consequence of our discussions, has been divided 
into 3 components: (1) a working definition of sustain-
ability and a broad characterization of the present US 
dairy industry; (2) identification of each of the pillars 
of sustainability, emphasizing the current state of the 
dairy industry as well as identifying weaknesses, op-
portunities, and areas requiring more research; and (3) 
a discussion of the limitations of our review and general 
conclusions.
We recognize that many groups are attempting to 
address this issue. Our goal is to offer insights and pos-
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sible conclusions so that others may build upon our 
efforts. We encourage readers to partake in further dis-
cussions on this topic, where possible engaging a variety 
of academic disciplines and stakeholders. The Letters 
to the Editor section of this journal can be used as a 
vehicle to submit thoughts and opinions in response to 
our ideas presented below.
DEFINING SUSTAINABILITY
The word sustainability always includes an aspect 
that considers social values (Thompson, 1997). The 
current US legal definition (US Code Title 7, Section 
3103) is as follows: “an integrated system of plant and 
animal production practices having a site-specific ap-
plication that will over the long-term: satisfy human 
food and fiber needs, enhance environmental quality 
and the natural resource base upon which the agri-
culture economy depends, make the most efficient use 
of nonrenewable resources and on-farm resources and 
integrate, where appropriate, natural biological cycles 
and controls, sustain the economic viability of farm 
operations, and enhance the quality of life for farmers 
and society as a whole.”
We used this definition as a framework for our dis-
cussions. The 3 pillars of sustainability (Figure 1; GNU 
Free Documentation License) also provided a frame-
work, and we were guided by the Thompson (2007) 
conclusion that “We will never have a complete under-
standing of sustainability; we must always be willing 
and eager to think it through again.”
THE CURRENT STATE OF THE  
US DAIRY CATTLE INDUSTRY
Intensification of Dairy Production
Advances in genetics, nutrition, and herd manage-
ment have resulted in a 4-fold increase in milk yield 
between 1944 and 2007 (Capper et al., 2009) and an 
associated reduction in numbers of both farms and 
cows. In 1940, there were approximately 21 million 
cows on 4,663,431 dairy farms in the United States, 
but by 1980, farm and cow numbers decreased 93 and 
48%, respectively, to 334,180 farms with just under 11 
million cows (Blayney, 2002). Farm numbers decreased 
to approximately 53,000 licensed dairies in 2012 and 
cow numbers have decreased a further 16%, leading to 
increases in cows per farm during this period (Figure 
2A and B). Milk yield averaged 2,361 kg/cow in 1950 
(Blayney, 2002) compared with 9,702 kg/cow in 2011 
(USDA-NASS, 2012b). Today’s dairy industry produces 
59% more milk with 64% fewer cows, consuming 77% 
less feed and 65% less water per liter of milk produced 
compared with dairy production in 1944 (Capper et al., 
2009). Presently about 88.5% of the milk solids pro-
duced are consumed within the United States (NMPF, 
2012), with the majority (81%) by consumers living in 
urban areas (>50,000 people/city; US Census Bureau, 
2010).
Reliance on Immigrant Labor
Employment practices are an important component 
of both the economic and social dimensions of sustain-
ability. The US dairy industry relies heavily on foreign-
born workers (Martin, 2002). Of about 138,000 full-time 
dairy farm employees nationwide, estimates indicate 
that 57,000 are foreign born (Rosson et al., 2009). In a 
national survey of 5,005 dairy farms in 17 states, 50% 
of farms used immigrant labor and 62% of the US milk 
supply came from dairy farms using immigrant labor 
(Rosson et al., 2009).
Land Use Changes
The structural changes within the dairy industry 
have affected land use. Between 1945 and 2007, crop-
land acreage decreased almost 10% (Nickerson et al., 
2011), with the majority of today’s cropland concen-
trated in the Northern Plains (North Dakota, South 
Dakota, Nebraska, and Kansas) and the Corn Belt 
Figure 1. The 3 pillars of sustainability (used with permission un-
der the GNU Operating System Free Documentation License). Color 
version available in the online PDF.
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(Iowa, Missouri, Illinois, Indiana, and Ohio; Figure 
3). The primary use of cropland is to produce feed 
for animal production systems; for example, much 
of the grain and oilseed production is incorporated 
into rations to meet the dietary energy and protein 
requirements of food animals, respectively (CAST, 
2012). Despite increases in food animal numbers within 
the United States (http://faostat.fao.org/site/569/ 
DesktopDefault.aspx?PageID=569#ancor), land used 
for crop production steadily decreased from 1963 to 
1981 (Nickerson et al., 2011). Of the land allocated to 
crop production in 1981, 17.6 million ha has since been 
removed from crop production entirely or allocated to 
the 9.8 million additional hectares for corn production. 
Although approximately 36% of the US corn supply 
is targeted for domestic feed and residual use, almost 
40% of the supply is now used for ethanol production 
(CAST, 2012). Allocation of this decreasing land base 
used for crop production is a key component of any dis-
cussion of sustainability. Land use is affected by many 
Figure 2. Change in number of dairy herds (A) and total milk produced (B) in the United States between 1980 and 2010. Data are presented 
by herd size. Data for total milk production by herd size was unavailable for 1980, 1985, and 1990; therefore, only total US production data are 
shown. Adapted from Blayney [2002); sources include United States Department of Agriculture Statistics Board, National Agricultural Statistics 
Service (NASS); Farms, Land in Farms and Livestock Operations; February 2007 and 2012]. Color version available in the online PDF.
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factors, including government programs. An evaluation 
of the consequences of these programs, intended and 
unintended, and their impact on sustainability need to 
be included in program planning and review. For in-
stance, the US Energy Independence and Security Act 
mandated that 36 billion gallons (~136 billion liters) of 
biofuel be produced from corn and cellulosic crops by 
2022 (Pimentel et al., 2009). This policy has resulted in 
dramatic changes in cropland allocation; 9.8 million ha 
shifted to corn production in support of ethanol pro-
duction (CAST, 2012), altering the relative availability 
and cost of commodities to support food animal agri-
culture. Government subsidies have encouraged farmers 
to grow corn; approximately 81.7 billion dollars in corn 
subsidies were paid to US farmers between 1995 and 
2011 (EWG, 2012).
In 2007, almost 23 million ha (17% of cropland) were 
irrigated, with 75% of this land situated in the more 
arid western regions; collectively, this land produced 
more than half of all crops sold (Nickerson et al., 2011). 
Total withdrawals of freshwater used for agricultural 
purposes peaked in the United States in 1980 and im-
provements in irrigation practices have resulted in a 
steady decrease in water usage; current estimates sug-
gest that 9% of the freshwater withdrawals are used 
to produce feed for US livestock and poultry (CAST, 
2012).
Geography of Crop and Milk Production
Increased specialization and concentration of live-
stock and crop production in different geographical 
Figure 3. Major uses of land in the United States by state (Nickerson et al., 2011). Reprinted with permission from the United States 
Department of Agriculture (Washington, DC). Color version available in the online PDF.
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locations within the United States has led to the net 
export of nutrients from major crop-producing areas 
to areas with a high concentration of animal agricul-
ture (Kellogg et al., 2000). Livestock utilize nitrogen 
(N) and phosphorus (P) inefficiently, excreting 60 to 
80% of that consumed (ASAE, 2005). Therefore, the 
majority of nutrients brought onto the farm in feed 
stay on the farm rather than being exported in milk 
or meat. Although most states have experienced some 
regions of increase and other regions of decrease in milk 
production (Figure 4A), over the past 50 yr, there has 
been a general westward migration of dairy farms that 
has resulted in a growing proportion of the milk being 
produced in the western half of the United States (Fig-
ure 4A). The increasing proportion of milk produced in 
the west (Figure 4B; MacDonald et al., 2007) is closely 
intertwined with increased farm size and cow numbers.
Although the greatest changes have taken place in 
the Western regions, more traditional dairy areas east 
of the Mississippi River have not been exempt from re-
location efforts by some dairy operations. For example, 
we note dramatic decreases in milk production in the 
Northeast and Florida (Figure 4A), areas that also are 
associated with growth in population. We suggest that 
factors affecting the sustainability of the dairy industry 
should be considered when developing policies that 
regulate the location (or relocation) of dairies at the 
state and federal levels. Relocation from regions rich in 
water resources to areas where water is limited would 
seem to be especially shortsighted (Zhou et al., 2010).
Water Quality and Concentrated  
Animal Feeding Operations
Increasing animal numbers and changing animal 
production systems has led to more stringent federal 
regulations for concentrated animal feeding operations 
(CAFO; USDA-EPA, 1999; Ribaudo et al., 2003). The 
2 primary regulatory approaches used in the United 
States are a permit process, focused on actual or likely 
polluters, and a more local, water body-based approach 
known as the Total Maximum Daily Load program.
The US Environmental Protection Agency (EPA) 
directly manages the CAFO permit program in 7 of the 
50 states; the remaining states have established their 
own regulatory programs under EPA oversight. Permits 
are mandated for large CAFO and for smaller farms 
demonstrating discharge of regulated pollutants. Court 
decisions in the years since 2005 have made it clear 
that the federal government can only require permits of 
farms actually discharging; size alone is not sufficient 
criteria. However, many states continue to determine 
permit eligibility primarily based on farm size. Permit 
conditions vary by state; effluent limits are mandated 
by 29 states and 37 states require nutrient management 
or land application plans. Groundwater monitoring is 
required by some states (e.g., Texas, Florida, and Or-
egon) and in specific regions deemed vulnerable. Simi-
larly, regular analysis of manure and soil, inspections, 
and operator education are required to varying degrees 
by different states.
Energy Use
Modern dairies use electrical and petroleum energy 
sources for vehicles, pumps, motors, milking units and 
cooling, lighting, and heat abatement. Little peer-
reviewed information exists on energy use by the dairy 
industry. The Dairy Farm Energy Management Guide 
states that approximately 50% of the energy used on 
dairy farms (excluding crop production) is used in the 
milking center (milk cooling, electrical water heater, 
and vacuum pump) and the remainder is used in the 
housing area (including lighting, feeding equipment, 
ventilation, and manure handling; Ludington et al., 
2004). This report suggests that energy use among farms 
varies greatly (from 300 to 1,500 kWh/cow annually), 
with larger modern freestall dairies using less electrical 
energy per cow due to higher-efficiency milk-cooling 
systems, variable speed vacuum pumps, heat recovery, 
and other more efficient technologies. However, some 
technologies, such as long-day lighting and complex 
manure-handling systems, may result in greater energy 
use in larger dairies (Ludington et al., 2004).
Indirect energy use also should be considered; 
namely, energy used to produce, package, transport, 
purchase, and sell the supplies used by the dairy. Zuc-
chetto and Bickle (1984) reported that indirect energy 
use accounted for 79.6% of total energy used on a 
160-lactating-cow dairy in central Pennsylvania with 
an annual milk production of 8,081 kg/cow, 160 head 
of young stock and dry cows, and raising 741 ha of 
corn and 494 ha of alfalfa. The energy budget on that 
farm included fuel (20.4%), fertilizers (23.1%), pesti-
cides (15.1%), seed (8.2%), capital (14.8%), electricity 
(6.8%), supplemental feed (9.2%), and veterinarian 
supplies (2.4%). Those authors also reported that the 
N and P in the manure accounted for 14% of the total 
equivalent energy cost in the system.
Although fuel costs within the United States are 
lower compared with most other countries, growing 
concerns regarding the possible rising costs associated 
with nonrenewable sources of energy have resulted in 
alternative energy sources slowly gaining traction with-
in the dairy industry. Anaerobic digestion of manure, 
a process whereby facultative and strict anaerobes 
hydrolyze complex organic molecules to form volatile 
organic acids that are metabolized to methane (CH4) 
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Figure 4. Changes in milk density over a recent decade (2001–2011). A: pink to red areas (lighter shading) represent declines in milk produc-
tion, light to dark green areas (the darkest regions) represent increases, and beige (background) color indicates no change in milk production; 
the arrows (red) show the centroid (geographically weighted value) of milk production by decade from 1960 to 2010. In general, the southeastern 
quadrant of the United States and the southern one-third of California have sustained losses in milk production. B: the location of dairy cows 
in the United States according to the 2007 agricultural census: 1 dot equals 1,500 cows. Dense clusters of cows are located in both regions of 
decline and increase in milk production when compared with the information provided in panel A. Color version available in the online PDF.
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and carbon dioxide (CO2; Mergaert and Verstraete, 
1987), is increasingly popular in some areas within the 
United States. Benefits of anaerobic digestion of dairy 
manure include generation of renewable energy, odor 
reduction, mitigation of greenhouse gas (GHG) emis-
sions, and possible reduction in pathogenic bacteria 
loading during land application of manure (Kaparaju 
and Rintala, 2010). Although interest in generation of 
electricity from manure is high, economic, technological 
and regulatory challenges (Environmental Science As-
sociates, 2011) will likely slow adoption.
Milk Marketing and Pricing
The forces behind increasing farm size and econo-
mies of scale have long been referred to as agriculture’s 
“technology treadmill” (Cochrane, 1958). Milk is a 
commodity with properties difficult to distinguish one 
producer from another. This, along with many pro-
ducers competing for the sale of milk, means that in 
today’s market, little possibility exists for farmers to 
influence the price they receive. Thus, reducing the 
cost of production is considered the primary manage-
ment strategy available to producers for any increase 
profits. Over a 15-yr period (1991 to 2006) the average 
milk price typically varied between $13.00 and $14.00 
US dollars (USD) per 45.3 kg of milk (cwt), ranging 
from a minimum of $11.00 to a maximum of $19.30 
(NAHMS, 2008). Since 2007, the US farm milk price 
has been reasonably competitive with other exporting 
countries [most notably New Zealand, Australia, and 
the European Union (EU)] and the United States has, 
thus, begun to export more milk (currently about 13% 
of the milk produced: NMPF, 2012).
The Debate
The intensification of animal agricultural has resulted 
in disruptive effects on the environment, food availabil-
ity, rural populations, biodiversity, and animal welfare 
(Fraser, 2008; Croney and Anthony, 2011), resulting in 
intense criticisms of food animal industries by social, 
animal, and environmental protection movements. One 
argument used to defend the intensification of animal 
agriculture, is that increased efficiencies will allow im-
proved production and, thus, better potential to feed 
the 9 billion people in the world by 2050 (see Capper et 
al., 2009; but see also Hall et al., 2009; Godfray et al., 
2010a). From this perspective, increased intensification 
is seen not as the result of being trapped on the tech-
nology treadmill, but rather as a moral good and even 
as part of our larger responsibility in feeding the world. 
Regardless, there appears to be a growing gap between 
farm practices and societal expectations, a gap that 
directly threatens the current and future sustainability 
of the US dairy industry. Below, we provide a frank as-
sessment of the US dairy industry framed around the 3 
pillars of sustainability: environmental, economic, and 
social (Figure 1).
ENVIRONMENTAL ASPECTS
Environmental concerns are often raised when dis-
cussing sustainability and these have probably received 
the most attention in both the academic and popular 
press. Little debate exists that food-animal producers 
experience ever-increasing competition for water, land, 
and energy, and that a need exists to mitigate the 
negative effects of food production on the environment 
(Thornton, 2010).
Water
Globally, agriculture is one of the greatest consumers 
of water, and shortages of water can have profound 
effects on food production (Godfray et al., 2010b; Strz-
epek and Boehlert, 2010). Increased population growth 
will increase competition for resources such as water, 
land, and energy among agriculture, municipalities, 
and industrial enterprises. Concurrent with increased 
use of water come the increased risks associated with 
contamination. Salt and nitrates are perhaps the most 
wide spread groundwater contaminants in the United 
States; salt contamination is a growing challenge in 
many regions of the United States, with a well-estab-
lished detrimental effect on cattle (Grout et al., 2006).
Nutrient pollution of drinking water is also of concern. 
Recent studies undertaken in the states of California 
(Harter et al., 2012) and Washington (US EPA, 2012a) 
found that approximately 10 and 20% of public wells 
sampled exceeded the maximum contamination concen-
trations of nitrate (10 mg of nitrate-N/L), respectively. 
In some areas of California, with high concentrations 
of dairy operations, more than one-third of domestic 
wells exceeded the nitrate maximum contamination 
level (Harter et al., 2012). Nitrate problems will likely 
worsen and require mitigation options such as blending 
high-quality water and a fee on N fertilizer use.
A cluster of dairies located in the Yakima Valley of 
Washington, that in 2009 collectively owned 17,240 
mature dairy cows and an additional 7,000 heifers and 
calves, was found to be the primary source for pharma-
ceutical contamination (monensin and tetracycline) in 
the majority of dairy source samples (US EPA, 2012a). 
Sources included 8 residential drinking wells, 4 dairy 
applications (soil samples taken from fields fertilized 
8 VON KEYSERLINGK ET AL.
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using dairy lagoon waste), 4 field samples, 10 dairy 
lagoons, 4 manure piles, 3 dairy supply wells, and 1 
up-gradient residential drinking water well.
With population growth and increasing demand for 
non-farm uses of water, there is pressure for policy re-
form in water use, especially in more arid areas (Roseg-
rant et al., 2002). Irrigation is increasingly contentious 
as global aquifers are becoming depleted (Wada, 2012), 
including those in the West and Southwest regions of 
the United States. The continued reliance on irrigation 
to support intensified crop production in these more 
arid regions, particularly in the face of climate change, 
increases the risk that water will become increasingly 
scarce (Zhou et al., 2010). Efforts to refine irrigation 
practices, such as only irrigating during the night to 
minimize evaporation (Zhou et al., 2010), cultivation of 
forages that require less water, and implementation of a 
coordinated plan that takes into consideration all users 
of water in a particular region, must be made a priority.
Animal agriculture globally accounts for approxi-
mately one-third of the water footprint of human activ-
ity (Mekonnen and Hoekstra, 2012), and 98% of the wa-
ter footprint of animal production is the water required 
to produce feed (Shiklomanov, 2000). Feed prices are 
also the single largest milk-production expense (USDA-
ERS, 2012). Similar to the carbon footprint, as effi-
ciency of milk production increases, the water footprint 
is reduced (Mekonnen and Hoekstra, 2012). According 
to Hoekstra (2012), feeding diets containing more for-
ages will reduce the water footprint of milk production, 
given that the water footprint of concentrates is 5 times 
greater than that of forages. We see great opportunities 
for innovative feeding ingredient selection and ration 
formulation in which the water footprint is considered.
Land
In 2007, 91.3% of dairy farms made use of approxi-
mately 8 million ha of cropland and pasture, a decrease 
from about 10.9 million ha used in 1997 (USDA-NASS, 
2009). Historically, agriculture has responded to increas-
es in the demand for food by bringing more farmland 
into production, but Smith et al. (2010) showed that 
this is less of an option today, given projected trends 
in population growth. Moreover, reclamation of land 
for agricultural purposes comes at the expense of biodi-
versity and deforestation or other land-use change, and 
these changes may exacerbate the contribution of GHG 
emissions from agriculture (Godfray et al., 2010b).
As stated above, increasing competition for land will 
continue to come from biofuels, driven in large part 
by government corn subsidies. The rapid growth of 
biofuel production in the United States, the EU, and 
Brazil has important implications for the global live-
stock industry. The cost of feed grains and oilseeds has 
increased and a large supply of biofuel by-products, 
such as distillers grains, has entered the market (Ta-
heripour et al., 2011). Corn-based ethanol production 
in the United States is an energy-inefficient process and 
implementing biofuel mandates increases the cropland 
area, a large portion of which comes from a reduction 
in grazing lands (Sanderson et al., 2009) and directly 
competes with forage and livestock production for 
government-subsidized corn.
Proposed developments of ethanol plants using cel-
lulosic feed sources target 50% of their feedstock for 
the plants from agriculture (crops such as corn residues, 
vegetable oils and animal fats, other crop residues, and 
energy crops), thereby causing competition for co-
product feeds used to feed animals. Whether or not the 
demand for corn-based ethanol production will increase 
and, thus, further compete for access to corn fed to 
cattle, is debatable. Recently, the US Department of 
Agriculture (USDA) Office of the Chief Economist 
predicted that competition for corn for ethanol produc-
tion has peaked and corn production for feed will not be 
at risk in the long term (USDA-OCE, 2012). Govern-
mental policy will play a key, but unpredictable, role in 
the future trends in biofuel production. At present, the 
US EPA Renewable Fuel Standard requirement forces 
fuel refiners to blend approximately 50 billion L of corn 
ethanol into the US motor fuel supply, which equates 
to approximately 40% of all US corn production. To 
fully elucidate the long-term effects of these types of 
energy policy decisions on sustainability will require an 
in-depth economic and environmental (harm) impact 
analysis.
Pasture-based production provides an opportunity to 
contribute to food animal production without compe-
tition with grain-based human food systems (Capper 
et al., 2009), especially when land used for grazing is 
not suitable for growing grain crops. Arable land may 
be better used for cropping, as land requirements for 
pasture-based systems are typically greater, and per-
cow production less, than in zero-grazing dairy systems. 
Interestingly, a recent study reported that the water 
footprint appears to be the least for dairy products 
derived from a mixed system (the combination of a 
grazing and industrial production system) and a bit 
larger but comparable when obtained from purely graz-
ing or industrial systems (Mekonnen and Hoekstra, 
2012). We see much opportunity for the dairy industry 
to explore these mixed (diverse) systems, taking into 
consideration factors such as water availability and 
optimum land usage.
Grazing systems can be competitive economically. 
A comparison of farm enterprise records of Wisconsin 
grazing dairies and California confinement herds over a 
Journal of Dairy Science Vol. 96 No. 9, 2013
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12-yr period (1998 to 2010) showed that the 2 systems 
had similar average costs of production ($0.23 USD/kg; 
Kriegel, 2012). Comparisons of different systems require 
a multifaceted approach that recognizes the different 
relevant metrics within each system. For example, ef-
ficient pasture-based systems are often characterized by 
high milk output per unit of land, whereas confine-
ment systems are traditionally characterized by high 
milk output per cow (Bargo et al., 2003). Pasture-based 
dairies also provide visually appealing landscapes that 
are valued by some citizens (Meul et al., 2012). The 
perceived environmental, aesthetic, and animal welfare 
advantages also have allowed some dairies that use 
pasture to take advantage of organic and other niche 
markets for their milk.
The limited work available to date on the use of 
pasture from the cow’s perspective indicates that cows 
provided a choice between freestall housing and pasture 
(with no available shade) remain indoors for the most 
part during the day and outside at night (Legrand et 
al., 2009; Falk et al., 2012), again suggesting a potential 
advantage for mixed systems.
Climate Change
Global surface temperatures already have increased 
by 0.2 to 0.6°C since 2000, and are projected to increase 
by another 1.5 to 5.8°C by the end of the century (IPCC, 
2007). This increase in temperature will almost certain-
ly influence regional precipitation patterns (Sanderson 
et al., 2009) and have dramatic consequences on human 
populations (Battisti and Naylor, 2009). Many climate 
change predictions indicate that periodic droughts will 
become more common and extreme rainfall events 
more frequent (Battisti and Naylor, 2009; Karl et al., 
2009). Elevated temperatures also increase the risk of 
dairy cows experiencing heat stress [e.g., temperature-
humidity index ≥72 (corresponding to 25°C and 50% 
relative humidity; Ravagnolo et al., 2000)]. One way of 
mitigating the harmful effects on cows may be to use 
breeds better adapted to high heat, especially for those 
regions such as the Southeastern United States that 
are prone to prolonged periods with high temperatures. 
Alternatively or additionally, cooling methods for cows 
such as evaporative cooling likely would become more 
prominent in areas not previously challenged with heat 
stress, although these methods may be considered too 
water- and electricity-intensive in the future.
A combination of increased periods of dry weather 
interspersed with larger individual rainfall events will 
result in extended periods of soil-moisture deficit and 
greater variability in soil water content. Such changes 
will have important consequences on grain-crop, forage-
crop, and grassland production. The timing of rainfall 
may be more important than changes in rainfall amount 
in affecting crop growth and quality, forage quality, and 
ecosystem properties such as CO2 uptake and forage 
productivity.
To maintain productive crop, forage, and grassland 
systems in the face of these climate changes, farmers 
will need to manage flexible and resilient systems, and 
adjust quickly to environmental fluctuations. Volatile 
weather conditions would make it increasingly difficult 
to sustain cropping with limited diversity. In this con-
text, grasslands may become a more important way 
to diversify farming systems (Sanderson et al., 2009). 
These predicted trends in temperature and precipita-
tion indicate challenges for dairy operations with lim-
ited land base and heavy reliance on imported forage 
and grain nutrients, already common in the southern 
high plains and western United States. A warming 
trend for the Great Lakes states and the northeastern 
US dairy industry suggests that crop diversification 
may be beneficial.
Energy
The dairy industry has received considerable nega-
tive attention regarding its carbon footprint, particu-
larly its reliance on nonrenewable resources. The reli-
ance on nonrenewable energy sources is, by definition, 
unsustainable (Godfray et al., 2010a). Petroleum is 
associated with cropping and feed enterprises, includ-
ing planting, fertilizing, and harvesting of crops, and 
mixing and delivery of feed to the housing area. Moving 
cows from confined housing systems to pasture-based 
systems would likely reduce the dependence of dairy 
farms on petroleum energy associated with non-milking 
aspects. However, many regions of the United States 
are not able to support grass-based animal agriculture, 
especially when using cows with high genetic potential 
for milk production.
Ironically, aspects of providing milk to young calves 
can be portrayed as excellent examples of both energy 
efficiency and inefficiency. One illustration of dairy pro-
duction commonly seen in many developing countries 
(Das et al., 2001), where costs associated with energy 
use are high, has cows grazing on pasture, fertilizing the 
field with their own manure, and thus turning sunshine 
into milk (in a way that few, if any, nonruminant sys-
tems could match). In these more extensive situations, 
calves are often provided restricted access to their dams, 
nursing only twice daily for 30 min, thus reducing the 
labor and energy costs associated with feeding calves 
individually by hand (Figure 5A) or automated milk 
feeding systems. A counter example, the feeding of milk 
replacers, common in dairy farms in many developed 
countries, is an energy-inefficient practice. The cow 
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is mechanically milked and the milk is cooled, stored, 
transported, dried, transformed (by removing some 
components and adding others), marketed, transported 
back to the farm, mixed with hot water, and fed to the 
dairy calf; each step requires energy input (Figure 5B). 
Which of these illustrations most accurately reflects 
how the dairy industry makes use of energy will, thus, 
depend upon the specific practices we use, how these 
practices are implemented, and also on how we trade 
off the various components within a practice. What 
seems clear is that with global energy use projected to 
increase (IPCC, 2007), improved efficiency of energy 
use within the dairy industry may become increasingly 
important (Schade and Pimentel, 2010), especially use 
of energy originating from nonrenewable resources such 
as oil and coal.
Generation of electricity on farm through digestion 
of manure also would help alleviate this dependence on 
nonrenewable energy (Atandi and Rahman 2012). The 
economic viability of on-farm anaerobic digestion as 
an alternative energy source will depend on policies of 
the state or utility regulating sale and pricing of power 
generated from methane (Zaks et al., 2011). Net meter-
ing policies credit the electricity bills of the farmer for 
electricity produced at retail rates, effectively running 
the meter backward. In the United States, all public 
utilities are required to offer net metering upon request 
(Energy Policy Act of 2005, Public Law 109-58), but 
the obvious limitation is that credits are awarded only 
to the maximum total of the farmer’s electricity bill. 
Key questions that influence the value to the dairy 
producer include whether credits can be banked when 
electricity production exceeds use and if those credits 
can be used to offset electricity use by buildings on 
the farm or homes. Large farms that produce excess 
electricity beyond their needs have, in some cases, 
successfully negotiated to sell electricity to the power 
company; we see much opportunity for this to expand. 
However, success will depend in part on investments 
in equipment and on genuine interest from the utility 
companies. Twenty-nine US states have renewable en-
ergy mandates in place, whereby utilities are required 
to produce a portion of their electricity from renewable 
sources (IER, 2011). However, more than half of these 
states are not on track to meet requirements. Some 
utilities also offer green pricing, voluntary programs 
allowing consumers to opt for renewable energy at a 
premium price (e.g., Vermont’s successful Green Moun-
tain Power “Cow Power” program). Cap and trade of 
emissions in California commenced on January 1, 2013, 
and the use of anaerobic digesters is one of the few 
approved methodologies for carbon offset (http://www.
arb.ca.gov/cc/ab32/ab32.htm). The extent to which 
these sorts of programs are incorporated into dairy 
production practices remains to be seen and will likely 
be dependent, in part, on the incentives provided to 
encourage early adopters that can aid in facilitating 
change within the industry.
Adoption of alternative renewable energy sources 
will depend upon energy costs. We encourage efforts 
to model scenarios associated with changes in energy 
costs, both short and long term, which may arise. For 
instance, removal of corn subsidies that support ethanol 
production and changes in fuel costs would no doubt 
Figure 5. Illustrating the differences in energy costs associated 
with providing milk for dairy calves: (A) cows grazing on pasture and 
fertilizing the field with their own manure, thus turning sunshine into 
milk, and (B) rough schematic of the steps involved in making milk 
replacers whereby the cow is mechanically milked, the milk is cooled, 
stored, transported, dried, transported back to the farm, mixed with 
hot water, and fed to the dairy calf. Reprinted with permission by the 
University of British Columbia (Vancouver, BC, Canada).
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have a profound impact on the use of nonrenewable 
energy sources.
Nutrient Management
Animal manure is typically land applied to supply 
nutrients for crop growth, but application in excess of 
crop needs results in nutrient losses and contamination 
of groundwater, surface water, and the air (Knowlton 
et al., 2004). Concentrated animal agriculture has been 
identified as a significant source of N and P contamina-
tion of surface water (median contribution = 6.8 to 48% 
of P loss and 5.2 to 23% of N loss, depending on wa-
tershed; Smith and Alexander, 2000). Increasing public 
concern about water quality and increased awareness of 
the potential impact of concentrated livestock produc-
tion has led to the development and implementation 
of increasingly stringent environmental regulations 
(Knowlton et al., 2004). A recent development is the 
federal requirement for states to develop watershed 
implementation plans (WIP) to reduce nutrient losses 
from farms over a planned and monitored time course. 
This WIP approach is an attempt by the EPA to have 
states more aggressively pursue and document reduc-
tions in nutrient losses. The implicit stick is that if WIP 
are not implemented, or do not lead to demonstrable 
improvements in water quality, the federal government 
will declare that state’s program ineffective and take 
control. What is clear is that water quality (and usage) 
issues are complex and the implementation of strategies 
that promote sustainability must take into consider-
ation the specific challenges present in the different 
geographical regions of the country. A possible solution 
may involve the redistribution of dairy farms across 
the landscape; in other words, closer proximity of the 
cattle to the feed and crops to facilitate better manure/
nutrient distribution and recycling options.
Air Emissions
Dairy production has an impact on the environment 
through air emissions (Alvarado et al., 2012). The ma-
jor gas pollutants are the GHG carbon dioxide (CO2), 
methane (CH4), nitrous oxide (N2O), and oxides of 
nitrogen (NO and NO2), ammonia (NH3), hydrogen sul-
fide (H2S), and volatile organic compounds (VOC). In 
addition to gas emissions, particulate matter, including 
both coarse dust and fine particles, is also released from 
dairy operations. The US Clean Air Act requires the 
EPA to set National Ambient Air Quality Standards 
for some of these air emissions (i.e., N2O and H2S) as 
well as particulate matter. Although most National 
Ambient Air Quality Standard compounds are not 
directly emitted from livestock operations, precursor 
compounds such as ammonia and VOC are emitted, 
which affect human health. For example, VOC in the 
air react with oxides of N and sunlight to form ozone, 
which affects normal lung function in many healthy 
humans (Kirkhorn and Garry, 2000). In addition, stan-
dards such as the Emergency Planning and Community 
Right-to-Know Act (EPCRA) Section 304 require farms 
to report NH3 and H2S emissions if 45.3 kg or more of 
either are emitted in any given 24-h period. The major 
sources of gaseous emissions in such facilities include 
the feed system, animal housing, manure collection, 
treatment and storage structures, and land application. 
A decade ago, the NRC (2003) highlighted the need for 
emission studies with focus on individual operations or 
sources within the animal feeding operations, but little 
research has been undertaken to date. We see the need 
for much work in this area. For example, variables that 
determine the amount of emissions should be evaluated 
with meta-analytical approaches. This will identify 
the effects of variables such as those related to animal 
production, housing management (e.g., flooring char-
acteristics and cleaning frequency), aerobic compost 
management information (e.g., pile size, duration, and 
coverage), and anaerobic storage. In addition, this ap-
proach will allow for mitigation options to be targeted 
to a specific variable, allowing for targeted research to 
be effectively carried out to identify the best solutions 
needed to move forward.
Agriculture contributes 6.3% to the total GHG emis-
sions (US EPA, 2012b), but air emissions from farms 
are not regulated. Most life-cycle-analysis studies show 
that the emission intensity from dairy production is 
close to 1 kg of CO2 Eq/kg of milk at farm gate or 2.4 
kg of CO2 Eq/kg of fat and protein-corrected processed 
milk (FAO, 2010). The global average CO2 equivalent 
emission is about twice the US average (Milani et al., 
2011). Of these emissions, 55% are associated with the 
raising of livestock, not including energy use (USDA, 
2011). The largest contributor to on-farm emission is 
CH4 from enteric ruminoreticular fermentation (Hage-
mann et al., 2011). To the animal, enteric methane rep-
resents an energy loss up to 12% of gross energy intake 
(Johnson and Johnson, 1995; Van Nevel and Demeyer, 
1996), or 10 to 35 g/kg of DMI, and to the environment 
it represents a GHG 25 times more potent than CO2 
(IPCC, 2006). Using global-warming potentials for a 
100-yr time horizon, CH4 constitutes about one-third of 
global livestock GHG emissions (Steinfeld et al., 2006). 
Several potential mitigation actions are available for 
producers to consider for reducing GHG emissions from 
the farm (e.g., Boadi et al., 2004; Kebreab et al., 2006), 
including improvements in feed-conversion efficiency. 
Improved feed-conversion efficiency can be achieved by 
concentrating the nutrient density of the diet (Vande-
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Haar and St-Pierre, 2006), but this strategy increases 
N excretion (St-Pierre and Thraen, 1999) and, thus, 
may hinder efforts toward future sustainability. Given 
the large variation in GHG emissions observed across 
farms per kilogram of milk produced, it is likely that 
mitigation strategies will need to be tailored, in part, to 
the actual situation on each individual farm (Vellinga 
et al., 2011).
Some authors argue that emissions should be ex-
pressed per unit of product (emission intensity) instead 
of on a per-animal basis (Capper and Cady, 2012). For 
example, these latter authors suggested that Jersey 
cows produced 20% less GHG per unit of cheese com-
pared with Holstein cows. In California, when analyzed 
on a per-product basis, CH4 emissions decreased 52% 
compared with those in 1950 (Figure 6). This reflects 
the 200% increase in milk production since that time, 
with increased cow numbers in the state of just over 
100%. However, this logic ignores that greater produc-
tion efficiencies also result in lower costs (as reviewed 
above), ultimately driving higher levels of production. 
From this perspective, increasingly cheap US milk is 
resulting in increased exports (displacing other foods in 
foreign markets), resulting in increased environmental 
costs that are largely borne at the local level.
ECONOMIC ASPECTS
For any business, a primary economic key driver is 
the demand for its products and the resulting price from 
sales. For the US dairy farmer, this driver is the meat, 
milk, and manufactured dairy products ultimately pur-
chased by consumers. Not surprisingly, milk price was 
the greatest factor related to variation in dairy farm 
revenue (Wolf et al., 2009). Prior to the mid-2000s, 
milk production in the United States was largely de-
termined by domestic market demand. Although some 
import and export of select dairy products existed, this 
portion of the industry used only about 2 to 4% of US 
milk production. By the mid-2000s, decreased produc-
tion subsidies in the EU and growing demand from 
countries such as China resulted in increases in world 
prices, improving export opportunities for the United 
States (Nicholson and Stephenson, 2012).
In the United States, the proportion of domestic 
income spent on food has decreased for many years. 
Between 1970 and 2010, the percentage of disposable 
income spent on all food decreased from 13.9 to 9.4%, 
on average (USDA-ERS, 2011). As Appleby et al. 
(2003) explained, the continued push to provide cheap 
food is a problem, in part, because the low costs re-
Figure 6. Changes (percentage change relative to 1950) in total milk produced, milk production per cow, total number of dairy cows and 
dairies, and methane produced per kilogram of milk in the California dairy industry between 1950 and 2010 (updated and modified from 
Medrano, 2012). Color version available in the online PDF.
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flect an inability to properly account for values such 
as biodiversity, animal welfare, and air and water qual-
ity. Costs associated with the maintenance of the cows 
(e.g., housing, nutrition, and veterinary care) usually 
have a direct effect on milk price because a sustained 
gap between direct costs of production and milk price 
drives farms out of business. On the other hand, more 
complex costs such as the impact of N or P losses into 
the environment or the impact of overcrowding (to gain 
greater economies of scale) on animal welfare are almost 
never factored into the sale price of milk. To command 
a value in the final market, such costs must usually be 
regulated and borne by all producers. Otherwise, some 
producers can become free riders, avoiding the expense 
of adopting more socially accepted practices, while still 
benefiting from the price premium associated with the 
social good of interest.
Preventing free riders from participating in the 
dairy industry will be required if the sustainability of 
the US dairy industry is to be a priority. Verification 
via third party (independent) audits that are science 
based, transparent, and supported via science-based 
regulations will no doubt also play an important role. 
Whether or not incentive programs (monetary or other-
wise) that encourage producers to participate will play 
a significant role on the value (perceived or real) by the 
producers remains to be seen.
Globalization
Globalization of the milk market is having a major 
role in shaping the US dairy industry. The globaliza-
tion of the food system has occurred in large part 
as a consequence of refrigeration, cheaper transport, 
increased communication, and reduced trade barriers 
and tariffs on agricultural products (Anderson, 2010; 
Godfray et al., 2010b). The globalization of milk mar-
kets results in almost equal milk prices across countries, 
with the exception of countries that use quotas (Dairy 
Australia, 2011). Although total costs of production 
across exporting countries tend to be similar (or they 
would be unable to compete), the structure of costs 
varies. For example, pasture-based systems in Austra-
lia and New Zealand have relatively high fixed costs 
associated with purchase price of land, which has in-
creased approximately 7-fold over the last 20 yr (New 
Zealand Dairy Statistics; see http://www.dairynz.
co.nz/page/pageid/2145866855/New_Zealand_Dairy_ 
Statistics), but variable costs of production are rela-
tively low because little supplemental feed, housing, 
and labor are used. In contrast, US dairy producers 
expect greater levels of cow productivity, but also have 
greater variable costs due to these additional inputs 
(IFCN, 2011). The implication of the difference in cost 
structure between these 2 global regions is that the 
United States can respond much more rapidly to high 
world milk prices with increased production, but they 
also must be sensitive to global supply-demand balance 
when milk is in oversupply. The US farm milk prices 
tend to be slightly greater than those in Australia and 
New Zealand when world markets are tight and slightly 
less when world markets are flush with milk (Dairy 
Australia, 2011). An immediate criticism will no doubt 
be that any movement toward a lower variable cost 
structure on US dairy farms will come at the expense 
of productivity (i.e., less rapid growth in milk produc-
tion per cow), which is at odds with previous proposed 
solutions (e.g., Capper et al., 2009). However, failure to 
consider all 3 pillars of sustainability is, in our opinion, 
shortsighted.
The ability of US dairy industry to respond rapidly 
to upswings in the world price creates opportunity for 
export, but may hinder sustainability if increases in 
milk production at the farm level are promoted in isola-
tion of all factors affecting sustainability in the long 
term. To date, little consideration has been given to 
the consequences of global price swings in terms of the 
social and environmental pillars of sustainability. This 
type of research is not easy, given the complexity and 
interrelatedness of the issues affecting sustainability. It 
will take a concerted inter- and multidisciplinary effort 
to understand the impact of a fluctuating world milk 
price on sustainability of the US dairy industry. For 
instance, the role of economists in this type of research 
is relatively easy to envision but the recognition that 
social and natural scientists must play an equally im-
portant role in this type of research is less obvious. 
Lastly, funding for this type of research will be needed, 
but to date, to our knowledge no funding programs are 
directed to this type of study.
Scientific and Technological  
Innovation and Advances
New technologies are aimed at improving efficiencies 
of production and reducing costs (Capper et al., 2008). 
Some of these technologies, such as improved corn or 
alfalfa varieties, are scale neutral and can be adopted 
by farms of any size. Other technologies are not scale 
neutral and require a larger herd size to be economi-
cally feasible. One of the best examples of a non-scale 
neutral technology in the dairy industry is the adoption 
of the bulk tank and pipeline or milking parlor in the 
1950s and 1960s. Small farms were unable to justify 
this large single investment, whereas farms with 100 
cows or more could afford the capital investment and 
enjoy the labor savings (Manchester, 1983).
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Genetic gains (Shook, 2006), adoption of manage-
ment practices such as recombinant bovine somatotro-
pin (rbST; Gulay et al., 2004) and increased milking 
frequency (Stelwagen, 2001) have all contributed to 
increases in the productivity of US dairy cows. Many 
herds today average more than 12,000 kg/cow per year 
and the highest-producing cow in the United States has 
produced more than 34,000 kg in 1 yr (http://holstein-
world.com/story.php?id = 1124). However, increased 
production is associated directly or indirectly with 
increased rates of certain health problems, including 
mastitis and lameness (Rauw et al., 1998). Most no-
table has been the decline in fertility in high-producing 
herds, although high milk production and reproductive 
performance are not mutually exclusive. This decline 
in fertility has likely supported, in part, the drive for 
research and development of new reproductive tech-
nologies that are now widely applied in the industry 
(reviewed by Moore and Thacker, 2006).
Often unclear is whether specific technologies will 
hinder or improve sustainability. The potential im-
provements in profitability as a consequence of tech-
nologies that improve production or efficiency are 
easily calculated. However, the acceptability to the 
public of milk products arising from the introduction 
of new technologies is more difficult to assess. Insights 
into future challenges can be gained by looking at the 
discussion on genetic modification of food products in 
the EU (Shaw, 2002). Despite the introduction of rigor-
ous science-based risk assessments, this discussion has 
become highly polarized and politicized (Godfray et al., 
2010b). The US dairy industry currently relies heavily 
on the use of exogenous hormones to mitigate challeng-
es associated with low fertility (Moore and Thacker, 
2006); we speculate that few consumers are aware of 
this practice, and that consumers would likely see this 
type of technological fix as unnatural (Boogaard et al., 
2011) and unwelcome, given their attitudes about food 
safety (Vanhonacker et al., 2010). Contamination of 
freshwater sources by these hormones may become a 
special source of concern in the future. Clearly, research 
efforts focusing on alternative strategies that are poten-
tially less contentious must begin now.
The public frequently distrusts the use of biotechnol-
ogy in food production (Gaskell et al., 2000; Lassen et 
al., 2006), even though it seems clear that biotechnolo-
gies, such as the use of transgenics for improving milk 
production and composition, could play a significant 
role in ensuring global food security (Wheeler, 2007). 
Scientists and industry specialists often argue that the 
public’s rejection of biotechnology is due to a lack of 
understanding of science and that this knowledge defi-
cit can be overcome by educating the public (Lusk and 
Norwood, 2011; Ahteensuu, 2012). However, solutions 
that are out of step with societal values may not gain 
acceptance. In fact, failure to consider public accept-
ability before and after research and development of 
certain technologies increases the risk of eroding the 
generally positive image of the dairy industry in the 
eyes of today’s consumers (Godfray et al., 2010b). We 
see more work needed in risk analyses, including signifi-
cant public dialog and consultation (Castle et al., 2005), 
before investing resources in contentious technologies.
SOCIETAL ASPECTS
We have left the social aspects of sustainability to 
the end of our discussion. Our reason for doing so is to 
emphasize that broad stakeholder input is required if 
we are to set future directions and goals for research, 
policy, and producer innovation that will aid us toward 
a socially sustainable dairy (Swanson et al., 2011).
The Consumer and the Citizen
The values of consumers can affect directly farm and 
milk-processing practices if consumers choose to vote 
with their wallet by refusing to buy certain products 
that are produced in ways that they do not approve. 
More generally, citizens who oppose certain practices 
can provide their political support to new regulations. 
Both approaches remove control from the producer, 
perhaps explaining why the dairy industry has tended 
to either avoid interacting with the public on conten-
tious issues (perhaps hoping that the issue will pass) or 
has relied on an expert-knows-best mentality, focused 
on disseminating information to educate the public 
on industry perspectives to these practices (Driessen, 
2012). Consumer attitude surveys indicate that food 
safety is the highest priority when deciding what to 
purchase (Vanhonacker et al., 2010; Ingenbleek and Im-
mink 2011). However, consumer-purchasing behavior 
indicates that point-of-sale price is their highest prior-
ity (Harvey and Hubbard, 2013), suggesting a tradeoff 
between price and attributes. Dagevos and Sterrenberg 
(2003) state that relationships between consumer at-
titudes and purchasing behavior are complex and may 
be best understood by distinguishing between the indi-
vidual’s role as consumer and as citizen. The citizen is 
the role we play when participating in attitude surveys. 
The survey-taking persona is rarely in a position, when 
buying food, to consider all factors needed to make a 
rational and fully informed, socially responsible deci-
sion (Ingenbleek and Immink, 2011). Further evidence 
of this disconnect between the response of the same 
person in surveys compared with in-store purchasing 
information is provided by Hoogland et al. (2007), who 
argue that consumers rarely understand and value on-
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package labeling describing food production standards, 
even when the label information was in line with their 
personal values. Despite these initial reservations, la-
beling of products in the EU appears to be gaining 
traction (Gracia et al., 2011), but time will tell whether 
they become an integral factor for the majority of US 
consumers.
Appleby et al. (2003) argue that it is inappropriate 
to put responsibility for social and environmental deci-
sions on customers at the point of sale because that is a 
time when they have other priorities to juggle and are 
influenced by viewing others buying cheaper products. 
It could be argued, therefore, that providing social and 
environmental choice at the point of sale may hinder 
the move toward a more sustainable dairy industry. A 
potential solution would be for overall farm incomes to 
increase to help pay for some of the required changes 
needed to allow the entire dairy cattle industry to move 
toward greater sustainability. Clearly, challenges exist, 
including finding ways of ensuring that a greater pro-
portion of the retail price finds its way to the producer. 
This, however, does not solve the free rider problem 
referred to above. Individual producers could benefit 
from the increased milk price but still reduce their 
individual costs by using unsustainable practices. A 
consistent regulatory framework will be required that 
prevents individuals from making decisions that benefit 
themselves at a cost to the larger industry and society.
Another factor potentially contributing to the di-
lemma is the tremendous food wastage of expired food 
products, including milk products, that occurs within 
private US homes and restaurants each day (Hall et 
al., 2009). This problem is likely exacerbated in part 
due to the cheap price of milk, which makes it easy for 
consumers to just buy another carton of milk.
Undocumented Workers
The current operational structure of most dairy farms 
in the United States is labor intensive. Some argue that 
a great need exists to integrate social justice and farm 
labor rights into the agriculture industry to bring about 
a greater degree of professionalism (Fraser, 2008; Wolf, 
2008) and make the dairy industry a more desirable 
work place. Presently, the majority of jobs within the 
US dairy industry are filled with immigrant labor, 
many of whom are undocumented (Martin, 2002). The 
dependence on an immigrant labor force (documented 
or undocumented) on many farms can lead to pres-
sures on community support systems, in part because 
many experience language barriers. The sustainability 
of an undocumented labor force is also challenged by 
attempts in some states to introduce legislation that 
allows law enforcement officials the right to request 
documentation from individuals that they suspect are 
in the country illegally (e.g., Arizona House Bill 2162). 
If these sorts of legislative changes are upheld, dairy 
producers will need to find innovative solutions or face 
the risk of business failure due to increased costs or 
unavailability of labor. A 2009 National Milk Producers 
Federation study estimated that eliminating undocu-
mented laborers would reduce the US dairy herd by 
1.34 million head, reduce milk production by 11.8 bil-
lion kg/yr, and result in 4,532 dairy farms going out 
of business (Rosson et al., 2009). This issue can be 
perceived as a purely practical one as we have framed 
above. However, we also urge the reader to consider 
the social sustainability of an industry that persists in 
using labor practices that are deemed illegal by our 
broader society.
Work by Bewley et al. (2001) reported that lack of 
human resource management skills was a major fac-
tor inhibiting the growth of Wisconsin dairy farms, 
indicating that education in terms of human resources 
management must become a priority. A lack of human 
resource management skills, combined with the failure 
to identify solutions regarding the undocumented work-
er situation in the United States, has left the industry 
vulnerable. We view this as one of the greatest immedi-
ate threats to the sustainability of the dairy industry 
and we see great need for education and training in 
alleviating this dire situation. Providing workers and 
farm managers with educational opportunities that 
enable them to take pride in their jobs and possibly 
allow them to work toward elevated responsibilities and 
career opportunities (and increased salaries) and status 
within the workings of the dairy farm would be one 
positive step. This professionalism also may make the 
dairy industry a more desirable place to work.
Animal Welfare
Few working in the dairy industry today would dis-
agree with the fact that disease, injury, poor growth 
rates, and reproductive problems are bad for the animal 
and also for the viability of the farm. However, only 
focusing on animal functioning is not sufficient; animal 
welfare goes beyond health and includes concerns about 
naturalness (e.g., access to pasture) and affective states 
of animals (e.g., pain; Fraser et al., 1997).
It is not surprising that the care of animals in US food 
animal industries is under increased scrutiny, given the 
changes that have taken place in the EU over the previ-
ous 2 decades, where the welfare of agricultural animals 
on farms, during transport, and at slaughter is highly 
regulated (Mench et al., 2011). In contrast, the United 
States currently has only minimal federal regulation for 
food production animals, as the care of these animals 
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falls primarily under state jurisdiction (see Mench et 
al., 2011 for description of the existing US regulations), 
but changes are now taking place in some US states. 
California’s 2008 ballot initiative Proposition 2 passed 
with 63.4% affirmative vote and was enacted as Califor-
nia’s Prevention of Farm Animal Cruelty Act. This act 
of legislation, which takes effect January 1, 2015, will 
prohibit the confinement of veal calves, laying hens, and 
swine for the majority of every day in a manner that 
does not allow them to turn around freely, lie down, 
stand up, and fully extend their limbs. Most affected 
are laying hens currently housed in battery cages. We 
note that the public supported Proposition 2, despite 
opponents of this proposition emphasizing that con-
ventional cage housing was developed to promote bird 
health, egg quality, and lower prices.
Within the dairy industry, we often assume that 
good animal welfare will result in high-producing cows 
and, thus, feel that welfare of our herds must be good 
because production levels are so high. In reality, milk 
production is a poor indicator of welfare. Clinically ill 
cows may produce less milk (e.g., Huzzey et al., 2007), 
but much variation in milk yield is unrelated to welfare. 
Milk yield is affected by nutritional, genetic, and envi-
ronmental factors that are welfare neutral, and high 
levels of production increase the risk of certain welfare 
problems (von Keyserlingk et al., 2009). Last, research 
and application efforts where sustainability is the de-
sired outcome also may need to accept that, in some 
cases, less milk production per cow may be desirable 
and necessary.
Important welfare concerns include the high preva-
lence of lameness, calf-feeding practices, the fate of bull 
calves, pain mitigation during disbudding or dehorning, 
cow-calf separation, and restrictive housing (e.g., indi-
vidual calf pens and tie-stall housing; Vanhonacker et 
al., 2009; von Keyserlingk et al., 2009). A growing body 
of evidence also exists that society places considerable 
value on cattle having access to the outdoors (i.e., pas-
ture), where they have fresh air and freedom to roam 
naturally (Ellis et al., 2009; Boogaard et al., 2011).
The past decade has seen the emergence of several 
very successful streams of research addressing practical 
problems in the care and housing of dairy cattle, but 
practice on farms is sometimes slow to adjust to or 
adopt findings of this research. For example, tail dock-
ing continues on many farms despite more than a decade 
of research showing that tail docking harms cows while 
providing none of the hoped for or presumed benefits in 
cow cleanliness and cow health (Sutherland and Tucker, 
2011). The public and many within the dairy industry 
also see docking as needlessly harmful (Weary et al., 
2011). The combination of public concern and lack of 
scientific support has made the practice of tail docking 
an obvious target for animal advocates and legislative 
bans. California was the first state to ban this practice 
(Senate Bill 135, Section 597n), effective January 1, 
2010, followed by Rhode Island in 2012 (Senate Bill 458). 
The state of Ohio has implemented a phase-out period 
for tail docking through their government-run Livestock 
Care Standards Board that forms the Rules; effective 
January 1, 2018, tail docking will be banned (http://
www.agri.ohio.gov/LivestockCareStandards/docs/ 
OLCS%20Bovine%20-%20Final.pdf).
We suggest that rapid adoption of scientifically es-
tablished best practices (such as no tail docking and 
pain control for disbudding) provide a key area of op-
portunity for the dairy industry. The current polariza-
tion of values regarding the care of farm animals in the 
United States has, and likely will continue, to force the 
legislative system to intervene, especially if the broader 
dairy industry fails to take action in those areas where 
the scientific evidence is clear.
More work is needed to help producers implement 
changes that improve welfare, but little is known about 
how best to encourage and effectively facilitate such 
changes. One promising approach is the use of bench-
marking methods that provide farmers with data that 
they can use to better evaluate their performance rela-
tive to their peers (von Keyserlingk et al., 2012).
Public Engagement
Diverse methodologies are available for public en-
gagement (e.g., Secko et al., 2008; Avard et al., 2009; 
Swanson et al., 2011) and we strongly encourage the 
use of these approaches. It is important to note that 
public acceptability is not limited to the social pillar of 
sustainability. Many of the concerns about the econom-
ics and the environmental impacts of food production 
are rooted in public acceptability (Blandford and Ful-
poni, 1999); an understanding of public values is, thus, 
important for all aspects of sustainable dairy produc-
tion (Tucker et al., 2013).
Although we may avoid some controversy in the short 
term by keeping the public unaware of common practic-
es, a lack of sustained engagement provides no feedback 
mechanism to ensure that any changes in practice are 
in harmony with public expectations. For instance, en-
gagement between the egg industry, the public, and the 
humane movement allowed this industry to move in an 
orderly fashion away from the use of battery cages; the 
United Egg Producers, in cooperation with the Humane 
Society of the United States, recently pledged that they 
will work together to discontinue the use of the con-
ventional battery cages to better align poultry housing 
methods with public values (http://www.unitedegg.
org/homeNews/UEP_Press_Release_7-7-11.pdf). The 
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benefit to egg producers of this kind of industry-wide 
engagement, collaboration, and agreement is that the 
cost of this change will be borne by all producers and, 
thus, incorporated into the price of the product to con-
sumers. We encourage similar engagement between the 
dairy industry and other stakeholders to begin a more 
collaborative approach to addressing shared welfare 
concerns to foster long-term sustainability.
Multidisciplinary Research— 
The Road to Sustainability
To date, the majority of public and private agri-
cultural research in the United States has been fo-
cused on productivity and efficiency, particularly on 
technologies that complement existing production 
systems and lead to benefits for the private sector 
(NRC, 2010). This approach alone will not address 
the gaps in knowledge and educational needs de-
scribed above for many aspects of the sustainability 
of dairy production and consumer understanding. We 
also require transformative research that allows for 
whole system redesign (Reganold et al., 2011). The 
challenge is that transformational research will doubt-
lessly require strong public funding, as this type of 
research is less likely to yield immediate company or 
shareholder profits (the primary driver behind private 
sector research). Much of the public funding currently 
devoted to agricultural research in the United States is 
focused on production and efficiency (Reganold et al., 
2011); shifting resources to fund new transdisciplinary 
research is desperately needed. This research must ad-
dress the complex socio-ecological factors affecting the 
sustainability of the dairy industry.
LIMITATIONS TO OUR REVIEW
There are numerous limitations to our review. Sus-
tainability is in itself a complex issue with diverse 
factors. For instance, some issues presented herein as 
opportunities may be argued equally by other stake-
holders to be threats. Another limitation is that our 
discussions did not include input from key stakehold-
ers, including producers, retailers, consumers, and the 
general public. We strongly encourage future work 
to identify and bring together a broader assembly of 
stakeholders. Hopefully, this review can help set the 
framework for the needed dialog and action forward. 
In particular, we see benefits to engaging animal advo-
cates and environmental protectionists in these types 
of discussions. Critics of animal agriculture may benefit 
from listening to the voices of the dairy industry just 
as those of us from within the industry can learn by 
listening to our critics.
CONCLUSIONS AND FINAL THOUGHTS
We have identified and presented several major fac-
tors affecting the future sustainability of the US dairy 
industry, including climate change, rapid scientific 
and technological innovation and advances, globaliza-
tion, failure to integrate societal values, and lack of 
multidisciplinary research initiatives. We also argued 
that sustainability is more than economic profitability; 
it also relates to environmental and societal concerns, 
including the quality of life of workers and the animals 
in dairy farms. Public input regarding the acceptability 
of practices, including new technologies, is required. 
Sustained engagement between and among producers, 
various sectors of the industry (e.g., processors and 
producers), consumers, and citizens will be essential to 
recognize and implement more sustainable practices. 
We recognize that this will require a major paradigm 
shift on the part of the US dairy industry to collabora-
tively develop a path to ensure the long-term future 
sustainability of the industry.
Clearly, much work remains to be done, particularly 
in identifying mechanisms that enable US dairy produc-
ers to voice their concerns independent of other sectors 
of the industry that may have competing demands or 
agendas. An example of this exists just north of the US 
border. The Dairy Farmers of Canada (DFC) is an or-
ganization run by producers for producers, with elected 
producer representatives from each of the provinces. 
This organization provides leadership in funding re-
search; DFC commits approximately $750,000 per year 
to production research (pre-farm gate) and typically 
leverages this investment by demanding that applicants 
seek matching funds. This commitment to research has 
resulted in a large body of published literature that 
provided much of the science cited in the recently pub-
lished Code of Practice for the Care and Handling of 
Dairy Cattle. This science-based document describes 
best practices agreed upon by diverse stakeholder 
groups, including the dairy industry, government, gro-
cery chain distributors, and the Canadian Federation of 
Humane Societies (see NFACC, 2009).
In contrast, a significant portion of the agricultural 
research undertaken by US research institutions is 
sponsored by corporations and, as such, is typically 
focused on measures of immediate economic interest 
typically hinging on increased animal or farm produc-
tivity and efficiency. Although check-off dollars from 
milk sales from US dairy farmers are collected by Dairy 
Management Inc. (Rosemont, Illinois), these funds are 
used for demand-related research and marketing and 
not for dairy production practices research. This leaves 
an important gap in the funding of research that ad-
dresses the growing public concerns about dairy cattle 
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production, including sustainability, environmental 
impact, and the welfare of food-production animals. 
We strongly encourage more public funding sources 
(including by the USDA), and the dairy industry at 
large, to begin funding the research (including that 
which falls into the domain of social science) that will 
be required to support improved sustainable practices 
in the years to come.
Engagement means more than advertisement of an 
entrenched position; it will involve conversations in 
which the various sectors of the dairy industry care-
fully listen to, and dialog with, the citizens in the 
broader society. It means that the dairy industry must 
be prepared to make changes to accommodate public 
expectations. This approach will benefit the longer-
term sustainability of the industry by helping to ensure 
that consumers (and citizens) have confidence in dairy 
production methods and that the practices of dairy 
farmers fit well within the values of our broader soci-
ety. Moving toward sustainability will require courage 
to step beyond expected roles, with the understand-
ing that working together is the most practical way 
forward. We recognize that this will not be easy, but if 
participants come to the table with a spirit of respect, 
compromise, and tolerance, then there is hope that 
practical solutions can be identified.
We hope that our review will encourage system-wide 
strategic planning, the needed associated research, and 
actions required to create a sustainable dairy system 
that is environmentally sound, socially acceptable, and 
economically viable. Our review is based on the view 
that continued research in this area is essential.
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